Copepod growth rates were estimated from shipboard measurements of egg production of adult female Calanus agulhensis, Calanoides carinatus, Nannocalanus minor, and Centropages brachiatus and molting rates of juvenile stages (N6-C5) of C. agulhensis. Data were obtained during austral spring and summer of 1989-1995 in the southern Benguela upwelling system. While maximum growth rates showed less than a threefold decline over the body-size range examined (525-2,763-m total length), probably owing to allometric considerations, mean growth rate decreased by one order of magnitude, suggesting limitation of growth rate by an environmental factor. Most of this decline in mean growth rate was attributable to food limitation of large copepods. Frequency distributions of growth rate under low food densities were severely skewed toward slow growth rate for large copepods, whereas they were more symmetric for smaller copepods. In contrast, at high food concentrations, the frequency distributions had a high degree of symmetry for all copepods. These frequency distributions were interpreted in terms of a probabilistic model describing the encounter rate of copepods with suitably sized food particles. The effect of food limitation on growth rate was evaluated by regressing the coefficient of variation of growth rate against body size. A strong positive relationship was found (r 2 ϭ 0.94, P Ͻ 0.001), indicating that small copepods were always growing well, whereas the growth rate of large copepods was more variable. It is suggested that this difference is a consequence of the ability of small copepods to consume small particles, which are present at a relatively constant background density.
The two main factors controlling growth of copepods are temperature and food. The influence of temperature on growth rates in the wild has been well documented, especially in temperate seas (see McLaren et al. 1989 and references therein) . Huntley and Lopez (1992) concluded that copepods grow at maximum rates in the sea, with an exponential increase in growth rate with temperature over a wide range of habitats. In contrast, growth of copepods has been found to be more related to food rather than temperature in a variety of aquatic habitats, including freshwater systems (Hart 1991; Ban 1994) , tropical seas (McKinnon and Thorrold 1993; Webber and Roff 1995) , some temperate coastal regions (Bautista et al. 1994; Pond et al. 1996) , and in an upwelling system (Peterson and Hutchings 1995; Richardson and Verheye 1998) . In the latter system, the southern Benguela, the lack of dependence of growth on temperature is attributable to slower growth at warm (18-22ЊC) temperatures (Richardson and Verheye 1998) , a consequence of very low (usually Ͻ2 mg chlorophyll a [Chl a] m Ϫ3 ) food concentrations at these temperatures (Pitcher et al. 1996) .
Two studies in contrasting ecosystems suggest that the degree of food limitation in copepods may be related to body size, with larger species being more food limited. The first study, in the tropical ocean, shows that there is progressive food limitation of somatic growth and egg production with increasing body size (Chisholm and Roff 1990b; Webber and Roff 1995) . In the second study, egg production by females in a temperate fjord was food limited, whereas the somatic growth of juveniles was not (Peterson et al. 1991) . Moreover, in a recent global synthesis of copepod growth rates measured in the field, Hirst and Sheader (1997) suggested that food may be limited in a body-size dependent way, with larger individuals being more food limited. This contention requires testing in a variety of marine systems.
In the present study, we assess the hypothesis that food limits growth in a body-size dependent manner, using shipboard data on copepod growth rates collected in the southern Benguela upwelling region. Growth rates of copepods over a broad size range (525-2,763 m) were measured, including somatic growth of preadult stages (662 molting rate experiments) and fecundity of several species (2,084 egg production experiments).
Methods
Copepod growth rate in the field was estimated using bottle incubation techniques, viz. egg production of females and molting ratio of juveniles. Data were obtained from shipboard measurements in the southern Benguela upwelling system during monthly South African SARP (Sardine and Anchovy Recruitment Programme) cruises between September and March 1993 -1995 . The station positions of the SARP survey are shown in Fig. 1 . Additional data from annual surveys during November 1989-1992 between Cape Columbine and Cape Agulhas (Verheye et al. 1994) were also included in the analysis. Sampling extended from cool upwelling waters inshore to the 500-m isobath offshore, where warm oceanic conditions prevail, providing data over a broad range of temperatures (9-23ЊC) and Chl a concentrations (0.1-23 mg m Ϫ3 ). Copepods were collected using a 300-m mesh drift net, fitted with a 2-liter plastic bottle as a cod-end, and allowed to drift for 10 min at the depth of maximum fluorescence determined from a vertical fluorescence profile. Upon retrieval, the sample was transferred into a bucket containing 20 liters of ambient seawater. Copepods were gently removed from this bucket using a sieve and washed into a petri dish. Lively copepods were selected with a widemouthed dropper under a dissecting microscope. For egg production experiments, individual females were placed in 1-liter bottles (usually 5-10 replicates per station) containing 63-m filtered seawater from the depth of maximum fluorescence and incubated in on-deck darkened tubs that were kept at ambient temperatures by pumping seawater from a depth of 6 m . Although the bottles were not fitted with a screen to prevent females from ingesting their eggs, the low density of females used (one female per liter) minimized the effects of egg cannibalism (see Laabir et al. 1995) .
After 24 h, the contents of each incubation bottle were poured through a 20-m mesh, lively females and their eggs were preserved with 5% buffered formalin, and the number of eggs per bottle was counted. Experiments with dead or moribund females were discarded. To enable direct comparison of female with juvenile growth rates, instantaneous weight-specific female growth rates were calculated according to Roff et al. (1995) . As this study was performed as part of a routine monitoring survey and owing to the large number of females incubated, we used average female and egg masses (Table 1) for the calculation of female growth rate.
For molting rate experiments, at least 15 individuals (mean ϭ 30.1) of a particular stage of C. agulhensis were incubated in a 2-liter jar. After 24 h, the contents of the incubation bottle were preserved. In the laboratory, the ratio of individuals that had molted to the total number incubated was determined. This was combined with stage-specific body mass values (Table 1 ) to calculate growth rates according to Peterson et al. (1991) . Although the mass of individual copepods and their growth increments are variable (Berggreen et al. 1988; Paffenhöfer 1994) , we have used average stage-specific body masses to calculate somatic growth because of the large number of individuals incubated and because growth rates are more sensitive to changes in molting ratios than growth increments . Stage duration was calculated as the reciprocal of the molting ratio (Falkowski et al. 1984) . Average duration of each stage was then estimated using a geometric mean to give each ratio (stage duration) equal weight (Zar 1984) .
At each station, the concentration of Chl a at the depth of maximum fluorescence was used as a measure of ambient food availability for copepods. Samples for total Chl a were filtered through Whatman GF/F filters and analyzed fluorometrically using a fluorometer (model 10-000R, Turner Designs) (Parsons et al. 1984) . The functional response of copepod growth rate to food availability was described by an Ivlev curve . In addition, stations were categorized into low (Յ2 mg Chl a m Ϫ3 ) and high (Ͼ2 mg Chl a m Ϫ3 ) food availability for copepods, based on the critical Chl a concentration of 2 mg Chl a m Ϫ3 for initiation of egg production (Hutchings 1992) . Frequency distributions of growth rate under low and high food conditions could then be examined. The food available to copepods was also measured in terms of particle volume in 5-m intervals (5-75-m equivalent spherical diameter [ESD]) using a multisizer (Coulter) fitted with a 140-m aperture tube.
Results
Growth rates (mean Ϯ SD and range) and average stage durations are given in Table 1 . Mean growth rates decreased by more than one order of magnitude with increasing copepod size, from 0.545 d Ϫ1 for C. agulhensis N6 (525-m TL) to 0.053 d Ϫ1 for C. agulhensis females (2,763-m TL). A negative exponential function best described the relationship between mean growth rate and mean body size ( Fig. 2 ; r 2 ϭ 0.96, n ϭ 10, P Ͻ 0.0001). This decrease corresponded to a marked increase in stage duration of C. agulhensis, from 1.27 d for N6 to 8.48 d for C5.
In contrast, maximum growth rate exhibited less than a threefold decline over the above size range, from 0.849 d Table Table 1 . Average body mass, egg mass, total length (TL), growth rate (mean Ϯ SD and range), and the geometric mean of stage duration (D), for the copepods examined in this study, ranked from the smallest to the largest. Also shown is the asymptotic growth rate (g a ) and the rate at which growth approaches this asymptote (k) for Ivlev curves m (excluding perivitelline space).
# Using egg mass of Calanus finmarchicus (McLaren et al. 1989 ). ** Huggett (unpubl. data). † † From Stuart and Huggett (1992) . ‡ ‡ From Rose (1933) . Fig. 2 . The relationship of mean (ϮSE) and maximum copepod growth rates vs. mean body size in the southern Benguela system. The equation fitted to maximum growth rates is y ϭ 0.93363 Ϫ 0.00019x, r 2 ϭ 0.79, n ϭ 10, P Ͻ 0.001. The equation fitted to mean growth rates is y ϭ 1.0485445e
Ϫ0.001001 x , r 2 ϭ 0.96, n ϭ 10, P Ͻ 0.0001. The n for each species is shown in Table 1. 1). There was a significant linear decline of maximum growth rate with increasing size ( Fig. 2 ; r 2 ϭ 0.79, n ϭ 10, P Ͻ 0.001). It should be noted that the maximum growth rate for C. agulhensis N6 and C1 was underestimated because all individuals had molted within the 24-h duration of the experiments. Often, large copepods did not molt or lay eggs within this period, whereas the minimum growth rate of smaller copepods was always above zero.
The coefficient of variation (C.V.), the ratio of the standard deviation to the mean, was used to compare the variability in growth rate of copepods of different size. A strong positive relationship between the C.V. of growth and body size was evident (r 2 ϭ 0.94, n ϭ 10, P Ͻ 0.0001). Thus, small copepods were consistently growing rapidly (small C.V.), whereas the growth rate of large copepods was more variable.
Growth rates were positively related to total Chl a concentration (Fig. 3) . Parameters for each Ivlev curve, the r 2 , and the concentration of Chl a at which 90% of the maximum asymptotic growth rate was achieved are given in Table  1 . Although Ͻ40% of the variability in the growth rate of each species was explained by total Chl a, several general patterns are evident from the Ivlev parameters. First, the asymptotic growth rate (g a ) was negatively related to body size (r 2 ϭ 0.86, n ϭ 10, P Ͻ 0.0001). This suggests that food-saturated growth rate decreased with increasing body size. Second, the rate at which growth approaches the asymptotic rate (k) decreased with increasing body size (r 2 ϭ 0.59, n ϭ 10, P Ͻ 0.01). Thus, maximum growth rate was attained at lower Chl a for smaller copepods, as was evident from the lower Chl a at which 90% of the maximum growth rate was achieved (Table 1) . Lastly, the r 2 generally increased with body size, although this relationship was not significant when all copepods were included (P Ͼ 0.05). The small r 2 for C. agulhensis C5 and female C. brachiatus did not fit this trend. This lack of dependence of growth rate on Chl a may be because C. brachiatus is omnivorous (compared with the other copepod genera, which are predominantly herbivorous; see Boyd et al. 1980; Turner 1984) , and C5 copepodites often store food reserves in the form of lipids in preparation for their final molt to adulthood (Borchers and Hutchings 1986) . After removing these two copepods from the analysis, the r 2 was positively related to copepod size (r 2 ϭ 0.74, n ϭ 8, P Ͻ 0.01). Collectively, the trends described above imply a greater dependence of growth rate of large copepods on chlorophyllous phytoplankton.
The growth rate of copepods under conditions of low (Յ2 mg m Ϫ3 ) and high (Ͼ2 mg m Ϫ3 ) Chl a for the different species is shown in Fig. 4a . Growth rate increased substantially under high Chl a relative to low Chl a. This proportional increase in growth rate from low to high Chl a was positively related to body size ( Fig. 4b ; r 2 ϭ 0.78, P Ͻ 0.001), indicating that the degree of food limitation, as measured by Chl a, was greater for larger copepods. A further implication may be that smaller copepods utilize nonchlorophyllous food sources.
Marked differences in the frequency distributions of growth rate under low and high Chl a were apparent for species of different sizes (Fig. 5) . Under low Chl a, the frequency distributions of small copepods (e.g., C. agulhensis N6, C1, and C2) were more symmetric than those of large copepods (e.g., C5 and female C. agulhensis and female C. carinatus), which were heavily skewed toward slow growth rates. Further, the frequency distributions showed a progressive increase in skewness toward slower growth rates as body size increased. This suggests that most small copepods were growing rapidly, even under low Chl a, and that proportionately more individuals were growing poorly as body size increased. It is noteworthy that the change in the shape of the distributions from low to high Chl a was related to body size. For large copepods, the distributions under low and high Chl a were skewed toward slower growth rates, with greater bias at low Chl a. For small copepods, the distributions under low and high Chl a had greater symmetry than large copepods, although the mode of the distribution did shift toward faster growth rates under high Chl a. (Note that the frequency distribution for C. agulhensis N6 was truncated at a growth rate of 0.6-0.7 and for C. agulhensis C1 at 0.8-0.9, because all individuals had molted within 24 h.) For copepods intermediate in size, there were striking changes in shape of the frequency distribution of their growth rate, from being skewed toward a slow growth rate at low Chl a to greater symmetry at high Chl a. These changes can be summarized by calculating the skewness of each distribution. Skewness is zero for a symmetrical distribution and is positive when it is biased toward slow growth rates. The degree of skewness was positively related to copepod body size under both low (r 2 ϭ 0.76, P Ͻ 0.001) and high (r 2 ϭ 0.62, P Ͻ 0.01) Chl a. Furthermore, the frequency distributions for all copepods (except C. agulhensis N6) were more skewed under low than high Chl a.
The more extensive data set for the two largest copepods, female C. agulhensis and C. carinatus, enabled the effect of increasing Chl a on the frequency distributions of growth rate for large copepods to be explored in more detail (Fig.  6 ). The frequency distributions for both species were markedly skewed toward slow growth rate for Chl a Յ2 mg m Ϫ3 (Fig. 6a,f) . As Chl a increased to 6 mg m Ϫ3 , the distributions Fig. 3 . Growth rates against Chl a for (a) the smallest, to (j) the largest copepod examined. Ivlev curves were fitted (see Table 1 became progressively less skewed for both species (Fig.  6b,c,g,h) . For Chl a concentrations of 6-8 mg m Ϫ3 , the distribution changed shape (Fig. 6d,i) , with more individuals producing more eggs, especially in the case of C. agulhensis. Above Chl a concentrations of 8 mg m Ϫ3 , the shape of the distributions for both species tended toward symmetry (Fig.  6e,j) . The skewness of the distributions did decrease significantly with increasing Chl a for both C. agulhensis (r 2 ϭ 0.86, n ϭ 5, P Ͻ 0.05) and C. carinatus (r 2 ϭ 0.92, n ϭ 5, P Ͻ 0.01). These findings are compatible with the concept of food limitation of large copepods at low Chl a.
Analysis of particle spectra reveals that the study area is dominated by particles Ͻ25-m ESD (Fig. 7a) , with those Ͻ15-m ESD occurring at a consistent background density, as indicated by a lower C.V. of particle volume than for particles Ͼ15-m ESD (Fig. 7b) .
Discussion
Body size-Growth rates of copepods in the southern Benguela upwelling system decreased with increasing body size. This decline may be a general phenomenon and has been documented in both field (Peterson et al. 1991; Hutchings et al. 1995) and laboratory studies in terms of stage duration (Peterson et al. 1990 ), somatic growth (Paffenhöfer 1976; Vidal 1980) , and egg production (Ambler 1985) . Allometric relationships, which describe many biological rate processes such as size-specific growth rates in copepods (Banse and Mosher 1980; McLaren et al. 1989; Hirst and Sheader 1997) , may account for the less than threefold decline in maximum growth rates between the largest (female C. agulhensis) and the smallest copepods (C. agulhensis N6) in this study (Table  1) . Mean growth rate, however, was one order of magnitude slower for the largest copepod compared with the smallest one, implying that an environmental factor may limit growth.
Food limitation-It is suggested that the primary factor responsible for the decrease in mean growth rate with size in the southern Benguela upwelling region is food limitation, the degree of which increases with body size. A very similar situation has been observed in the tropical ocean, with larger copepod species being food limited above copepodite C1 in size and smaller species above C2 . A recent global synthesis of growth rate data has also shown that weight-specific fecundity of female copepods declines with increasing body weight (Kiørboe and Sabatini 1995) . Moreover, the growth rate of C. carinatus, a common large copepod in the southern Benguela region, also declines with increasing body size (Richardson and Verheye 1998) . These strong declines in growth rate with size contrast with Vidal's (1980:111) conclusion from laboratory experiments that ''extrapolation of growth rates from one species to another on the basis of similarity in body size is not justified.'' Because food limitation appears similar for species of the same size in the southern Benguela system, it is postulated that growth rates of calanoid copepods in this system can be estimated from body size.
The phenomenon of increased food limitation with copepod body size supports the assertion of Verheye et al. (1994) , which is that there is intraspecific size-based food partitioning in C. agulhensis, and extends it to include interspecific food partitioning based on size. A consequence of progressive food limitation of C. agulhensis as body size increases is that juvenile growth is unrelated to female growth in the southern Benguela system (see also Hutchings et al. 1995) . Thus, juvenile growth rate cannot be estimated from that of females, although there may be less variability in growth of small copepods than previously thought.
Growth rates of C. agulhensis N6 were fast, consistent (small C.V.), and independent of Chl a. This is despite the maximum growth rate of C. agulhensis N6 in this study being underestimated because the duration of the incubation (24 h) is the minimum stage duration that can be estimated. Stage durations in the field for calanoid nauplii can be Ͻ1 d , and in some of our experiments, all the nauplii had indeed molted within 24 h. Nauplii of freshwater and coastal marine copepods are known to have fast and consistent growth rates (Hart 1990 ). This is a con- sequence of their slow metabolic rates (Paffenhöfer 1976) and their ability to ingest picoplankton . The role of the microbial community in supporting fast growth rates of copepods has been recognized in oligotrophic seas , where the numbers of bacteria and picoplankton are less variable than larger sized nano-and netplankton (Hopcroft and Roff 1990) .
Growth rates of other small copepods (particularly C. agulhensis C1 and C2) were also consistent and largely independent of Chl a, even at very low Chl a, implying little or no food limitation. This may be owing to their preference for smaller food particles. The optimal size of food particles for copepods has been estimated to be 2-5% of their prosome length (Berggreen et al. 1988) . This translates into an optimal food size range of 8-20, 12-31, and 15-37 m for C. agulhensis N6, C1, and C2, respectively. Thus, the range of optimal food particle sizes for these small copepods includes microflagellates, which are ubiquitous and abundant throughout the southern Benguela region ( Fig. 7 ; Painting et al. 1993) . The concept that eutrophic upwelling areas are dominated by large diatoms (Cushing 1989) needs to be broadened to include the microheterotrophic pathways (Hutchings 1992 ). Fast growth rates of copepods can therefore be achieved by being small and by feeding on small phyto-and zooplankton . Moreover, the suggestion that young stages are more susceptible to starvation than older ones (Paffenhöfer 1976; Borchers and Hutchings 1986; Hutchings 1992) may not be valid in upwelling areas such as the southern Benguela system. The growth rate of small copepods in other aquatic systems that have a consistent microheterotrophic food web may also be relatively constant.
Although large copepods can also ingest small cells (Borchers and Hutchings 1986; Peterson et al. 1990 ), the concentrations of small cells in the southern Benguela region are usually not adequate to support fast growth rates of large copepods (Richardson and Verheye 1998) . Their growth rates are frequently food limited because they preferentially ingest particles Ͼ20 m in size (Berggreen et al. 1988) . They feed more efficiently on these large cells (Frost 1977) , obtaining their maximal daily ration at relatively low carbon concentrations (Frost 1972) . In the southern Benguela system, the concentration of Chl a is positively related to the proportion of large cells (Mitchell-Innes and Pitcher 1992; Richardson and Verheye 1998) . Thus, there is sufficient Chl a to ensure fast growth rates by large copepods only when there are large cells present.
Encounter rate model-The degree of food limitation is related to the availability of appropriately sized food particles for a copepod of a particular size. The effect of food limitation on individual copepods in the southern Benguela region was reflected in the shape of the frequency distributions of growth rate (Figs. 5, 6 ). The changes in shape of these distributions may be a result of the different amounts of food ingested by each copepod in a population under different food densities. A conceptual model is developed here to explain the different frequency distributions of growth rate for copepods of varying size. The total number of particles ingested is related to the density and size of particles avail-able and can be described by the following Poisson distribution: Evans et al. 1993 ), x! where f(x) is the probability function, is the expected value of x, and x! is x ϫ (x Ϫ 1) ϫ (x Ϫ 2) ϫ . . .ϫ 1. In this probabilistic model, can be interpreted as the average encounter rate by a copepod with particles of an appropriate size for it to feed on, and x as the number of particles actually encountered and eaten by a particular copepod. For small copepods, their food source (small cells) is always abundant (Fig. 7b) , and thus, they always have a high encounter rate, independent of the total concentration of Chl a. Therefore, in terms of the population, the distribution of the number of particles ingested by the copepods is symmetric and approximates normality (Fig. 8: ϭ 5) . The shape of this distribution is similar to the frequency distribution describing growth rate for small copepods (Fig. 5b,c) , because growth rate is a function of the total number of particles ingested.
At low Chl a, phytoplankton is generally dominated by microflagellates with few large cells present (Mitchell-Innes and Pitcher 1992) . Large copepods therefore encounter low numbers of large particles, and the distribution of total particles encountered is severely skewed toward low numbers ( Fig. 8: ϭ 1) . Because copepods must obtain a minimum amount of energy to initiate egg production (Hutchings 1992) or to molt, the distribution is skewed toward slow growth at low encounter rates (Fig. 6a,f) . At elevated Chl a, the greater proportion of large cells (Richardson and Verheye 1998) increases the probability of large copepods encountering particles of a suitable size. A sufficient food ration can now be obtained by most individuals for initiation of egg production or ecdysis, and the distribution is less skewed (cf. Fig. 8 : ϭ 2 with Fig. 6d,j) . As the Chl a and hence encounter rate increase further, there is sufficient food for all individuals to grow (cf. Fig. 8 : ϭ 5 with Fig. 6e ). The distribution is symmetric, and at high encounter rates, it approximates the normal distribution (Evans et al. 1993) . A similar frequency distribution was reported by Peterson (1988) for Calanus marshallae fed excess food in the laboratory. Therefore, calanoid copepod growth rates in the southern Benguela region appear to be controlled by the interplay between body size, food size, and food density.
The consistency of the relationships between copepod growth rate and body size identified in this study using two independent field techniques, the broad size range of the copepods examined (525-2,763 m) and the varied environmental conditions (9-23ЊC, 0.1-23 mg Chl a m Ϫ3 ) over which the data were collected, suggest that the progressive food limitation of growth rate as body size increases may apply to the entire community of calanoid copepods in the southern Benguela system. Moreover, this phenomenon may also occur in other aquatic systems with a significant microbial component.
